Age-associated changes in skeletal muscles and their effect on mobility: an operational diagnosis of sarcopenia and disability in older persons (12) . Observational studies have shown that muscle mass and force reach their peak value between the second and the fourth decade of life and then decline steadily with aging (6, 13) . Accordingly, the prevalence of sarcopenia is thought to increase with age (10) .
Finding a valid definition is critical to translate the concept of sarcopenia from the research setting to the clinical arena and to start testing interventions. Although some definitions have been proposed (5, 21, 22) , no standardized criteria for the diagnosis of sarcopenia have been established. In clinical practice, the term "sarcopenia" is often used to identify patients who appear, on qualitative inspection, to have "small" muscle mass. As a consequence, many patients at an early stage of sarcopenia are undetected. This is a major problem, because there is strong evidence that sarcopenia is a reversible cause of disability and because older persons with early sarcopenia are probably those who are most likely to benefit from interventions (9, 16, 31) .
A clinical definition of sarcopenia could be particularly useful if it could be routinely obtained in medical practice and allow for early detection of the detrimental effect of reduced muscle function on physical ability. Based on limited data, it has been suggested that muscle power, which is an integrated index of force and velocity, is probably the most important muscular predictor of physical function in humans (3) . However, accurate measurement of power requires complex, expensive equipment and technical skills without proof of superiority over simpler measures of muscle strength. Furthermore, because the etymology of the term sarcopenia comes from the Greek words sarx (meaning flesh) and penia (meaning loss), a definition of sarcopenia based on the reduction of muscle mass should also be considered (30) .
Using data from a representative cohort of persons living in the Chianti geographic area (Tuscany, Italy), we describe how isometric muscle strength, muscle power, and muscle cross-sectional area change with age, and we propose alternative definitions of sarcopenia based on these different muscular parameters. Finally, we identified the optimal cutoff values that discriminate best the early stage of reduced physical function in older persons.
MATERIALS AND METHODS

Study population.
InCHIANTI is an epidemiological study of risk factors for mobility disability in old age. The InCHI-ANTI study population is a representative sample of the population living in Greve in Chianti and Bagno a Ripoli, two small towns located in the Chianti countryside of Tuscany, Italy. The study design and data collection have been previously described (11) . Of the initial 1,453 subjects who received an in-home interview, 277 were excluded from the analyses because information on muscle function and calf muscle cross-sectional area for these participants was not available, either because they refused to come to the clinic for an examination or were too sick to be evaluated. To avoid the possible interference of neurological impairments in the measure of muscle function, participants with a diagnosis of stroke (n ϭ 55), Parkinson's disease (n ϭ 9), peripheral neuropathy (n ϭ 4), and cognitive impairment (Mini Mental State Examination Score Յ 21; n ϭ 78) were also excluded. The final study population thus included 1,030 persons, 469 men and 561 women, dispersed over a wide age range of 20-102 yr. The study protocol was examined and approved by the Italian National Institute of Research and Care on Aging ethics committee. All participants were informed of the study procedure, purposes, and known risks, and all gave their informed consent.
Measures. After the home interview, participants received a full standardized medical and functional evaluation by, respectively, a geriatrician and an experienced physical therapist, both of whom had received special training on the assessment tools used in this study. The objective assessment of physical function was performed within 4 wk after the interview in a dedicated laboratory.
In particular, isometric muscle strength was assessed on eight muscle groups of the lower extremity by a hand-held dynamometer, by using a standard protocol (2) . We measured strength with isometric dynamometry because this method could be used both in the InCHIANTI study clinic and in the participants' homes for those who could not come to the study clinic. All measures of lower extremity muscle strength were highly correlated (Pearson's correlation coefficients ranging from 0.87 to 0.92). Therefore, in the analyses presented here, we used only knee-extension torque to indicate lower extremity muscle strength.
Measures of upper extremity muscle strength were isometric shoulder adduction and handgrip. Between them, we selected the handgrip for the present analysis because the assessment of handgrip is easy, reliable, and inexpensive. Furthermore, there is strong evidence in the literature that handgrip is a strong predictor of disability and mortality (27, 28) . We decided to include both measures of lower and upper extremity muscle strength because previous studies suggested that the rate of age-associated decline in muscle strength is quite different in these two anatomic regions (13) . In fact, the correlation between handgrip and isometric strength of the lower extremity muscle groups was moderately high, ranging from 0.70 to 0.72. In previous studies, the intraclass correlation coefficients for duplicate measures of knee-extension isometric strength and handgrip strength were, respectively, 0.81 and 0.85 for interrater reliability and 0.79 and 0.98 for test-retest reliability (2, 25) .
Lower extremity muscle power was measured in a single leg extension movement, according to the method described by Bassey and Short (4) . The value of the best performance obtained over eight repetitions on the right side and eight repetitions on the left side was used in the analysis. Using this method, Bassey and Short (4) reported that the coefficient of variation for retests obtained after 1 wk was 9.4%.
Crude values of muscle power were divided by individual body weights, and the resulting values were multiplied by the gender-specific average body weight for the study population. These weight-adjusted values of muscle power are expressed in a scale that is comparable with the values directly obtained from the power rig. In exploratory analyses, we also obtained a weight-adjusted measure of muscle power using a regression approach. However, because the correlation between the measures obtained with the two different types of adjustment was 0.98 in men and 0.94 in women, only the simpler measure that does not require a regression model was used in the analysis.
A lower leg peripheral quantitative computerized tomography (pQCT) was performed in all participants by means of a recent generation device (XCT 2000, Stratec, Pforzheim, Germany) to evaluate calf muscle cross-sectional area. Data presented here were derived from standard 2.5-mm-thick transverse scans obtained at 66% of the tibia length, proximal to the anatomic marker. Previous studies demonstrated that this is the region with the largest outer calf diameter, with little variability across individuals (29) . The total dose of radiation administered to the participants was Ͻ1 mrem.
The cross-sectional images obtained from the pQCT were analyzed by using the BonAlyse software (BonAlyse, Jyvaskyla, Finland; http://www.bonalyse.com). Different tissues in the analysis were separated according to different density thresholds: a density value of 35 mg/mm 3 was used to separate fat from muscle tissue, and 180 mg/mm 3 to separate muscle from bone tissue.
To assess walking ability, we collected both subjective and objective information. The subjective evaluation consisted of asking participants to estimate the maximum distance they could walk without difficulty. The interviewer provided examples of distances taken from real life. For instance, for the participants living in Greve in Chianti, 1 km was exemplified as the distance between the municipal building and the local hospital. Based on responses, we categorized participants into able or unable to walk 1 km without stopping, feeling fatigued, or developing symptoms.
To measure walking speed, two photocells connected to a recording chronometer were placed at the beginning and the end of a 4-m course established at the site clinic. Participants were instructed to stand with both feet touching the starting line and to begin walking at their usual pace after a verbal command. The time between the activation of the first and the second photocell was recorded. The average of two walks was used to compute a measure of walking speed. The coefficient of variation between duplicate trials was 5.2%, and only in 3.7% of the participants did the second measure differ by Ͼ20% from the first one. Use of aids (canes or walkers) was allowed for this test. The 4-m walk test has been used extensively in previous studies, and its concurrent and predictive validity and its sensitivity to change have been confirmed in large epidemiological studies (17, 18, 23, 24) . For the purpose of this analysis, low walking speed was defined as walking slower than 0.8 m/s. After exclusion of those who where unable to walk, this value approximately identified the lowest quintile of the speed distribution in our population.
Statistical analysis. All analyses were performed separately in men and women. Continuous variables are reported as means Ϯ SD and categorical values as a percentage. Anthropometric characteristics were compared between age groups by using ANOVA. By analogy with the standard criteria for the diagnosis of osteoporosis and in accordance with Baumgartner et al. (5) and Melton et al. (21) , the definition of sarcopenia was based on the comparison between individual muscle parameters and average values calculated in healthy, young adults. For example, in men 20-29 yr old, knee extension torque was 802.0 Ϯ 202.6 N/dm. Therefore, all male participants with knee extension torque Ͻ396.8 N/dm (802.0 Ϫ 2 ‫ء‬ 202.6) were considered to be affected by sarcopenia. Using an analogous method, we also identified participants who could be defined as sarcopenic based on their values of handgrip, lower extremity muscle power, and calf muscle cross-sectional area. Then we calculated the prevalence of sarcopenia for each one of these four possible definitions. To study the relationship between muscle parameters and performance in mobility tasks, we computed the percentage of participants walking slower than 0.8 m/s and of those unable to walk 1 km without difficulty. Percentages were compared by using age-adjusted tests for trend obtained by logistic regression models. Furthermore, we obtained receiver operator characteristic (ROC) curves for each muscle parameter using, for reference, the two abovementioned definitions of poor mobility. In a ROC analysis, the area under the curve (AUC) estimated for each muscle parameter yields a discriminative value in the identification of a participant walking slower than 0.8 m/s and unable to walk for 1 km without difficulty. AUCs for the four muscle parameters were compared by using the De Long method implemented in the statistical software ACCUROC for Windows, version 2.5 (8, 19) . From the ROC curves, we identified optimal diagnostic cut points as those yielding the best compromise between sensitivity and specificity in the identification of each of the two mobility outcomes. Finally, using logistic regression models, we obtained crude and age-adjusted odd ratios estimating the probability of poor mobility associated with having a specific muscle parameter below vs. above the optimal cutoff threshold.
RESULTS
The anthropometric characteristics of the participants are shown by age interval in Table 1 . The average stature was progressively smaller with older age. This age trend was not completely explained by postural changes or reduction of the intervertebral spaces, as evidenced by the parallel changes observed in the tibia length. In both genders, body weight increased from young to middle age and declined progressively thereafter. The three measures of muscle function and the calf muscle cross-sectional area, an index of muscle mass, were progressively lower with increasing age, in both men and women ( Fig. 1 and Table 2 ). Within each age group, men were stronger and had larger calf muscle cross-sectional areas than women, although, in the oldest-old, the magnitude of the difference was quite small. The slope of the age-associated decline was steepest for muscle power, intermediate for knee-extension torque and handgrip, and less evident for calf muscle cross-sectional area, especially in women. For example, average muscle power was 72 W in men older than 85 yr, which is only 25% of the initial 280 W observed in men 20-29 yr old. By contrast, comparing men in the two extreme age groups, knee-extension torque and handgrip were lower by ϳ50% and calf muscle cross-sectional area by only 20%.
Given the early drop in muscle power over the life span, we hypothesized that the measure of muscle power could be used to identify an impaired muscle function at an early stage. By analogy with the criteria used for the clinical diagnosis of osteoporosis, we obtained four possible definitions of sarcopenia based on a T-score lower than Ϫ2 for each of the four muscle parameters shown in Fig. 1 . Figure 2 reports the percentages of men and women in each age group who were considered sarcopenic based on the four different muscle variables. Regardless of the muscle parameter used for the definition, the prevalence of sarcopenia increased with age. Interestingly, within each age group, the percentage of participants with a T-score below Ϫ2 was higher in women than in men for kneeextension torque and lower extremity muscle power and, conversely, was higher in men than in women for handgrip and calf muscle area. The high percentages of participants defined as sarcopenic based on low muscle power were striking. Above 50 yr of age, almost all women and Ͼ70% of men have a T-score below Ϫ2. The percentages were much lower for the criterion based on calf muscle area and intermediate for knee-extension torque and handgrip.
Walking speed measures over a 4-m course declined progressively with age, and, in both men and women, the magnitude of decline per year increased with age, showing a clear curvilinear trajectory (Fig. 3B) . In parallel, the percentage of participants who reported to be unable to walk for 1 km without stopping increased with age and, within each age group, was higher in women than in men (Fig. 3A) . Table 3 reports the percentages of men and women with poor mobility, defined as walking speed Ͻ0.8 m/s and inability to walk 1 km without difficulty, according to quintiles of the four muscle parameters. Regardless Fig. 1 . The relationships between age and knee-extension torque (A), handgrip (B), weight-specific lower extremity muscle power (C), and calf muscle cross-sectional area (D) in men (triangles) and women (circles) who participated in the InCHIANTI study are illustrated by scatter plots and summarized by using smoothing splines. of the definition used for poor mobility, the percentage of participants with poor mobility declines progressively from the lowest to the highest quintile of kneeextension torque, handgrip, and lower extremity muscle power. The percent values are quite similar in analogous quintiles across the three parameters. For example, the percentages of men walking slower than 0.8 m/s in the first quintiles of knee-extension torque, handgrip, and lower extremity muscle power are, respectively, 29.2, 34.5, and 29.0% and become 6.0, 7.0, and 5.5% in the highest quintiles. On the contrary, the relationship between calf muscle area and both definitions of poor mobility is weak and less consistent across the quintiles.
In further analyses, we used the ROC method to statistically compare the discriminating power of each of the four continuous muscle measures in the identification of persons with poor mobility. The results of these analyses are shown in Fig. 4 . Each curve was obtained by recursively selecting all possible diagnostic thresholds within the range of the specific muscle variable and plotting for each of these thresholds the true positive rate (sensitivity, y-axis) vs. the false positive rate (1-specificity, x-axis) in the identification of participants with poor mobility. In Fig. 4A , we defined poor mobility as a walking speed Ͻ0.8 m/s, whereas in Fig. 4B , poor mobility was defined as inability to walk at least 1 km without difficulty and without developing symptoms. The AUC and its 95% confidence interval express the discriminating power of each test. In both men and women and for the two definitions of poor mobility, results were highly consistent. The AUCs for knee-extension torque, handgrip, and lower extremity muscle power were nearly superimposed and never statistically different, although lower extremity muscle power showed a slightly higher discriminating power in the identification of women walking slower than 0.8 m/s. Furthermore, the AUCs for calf muscle area were substantially smaller and always statistically different from those calculated for the other three muscle variables (P Ͻ 0.01). Among the cutoff values explored in the ROC curves, we selected optimal diagnostic cut points as those yielding the highest sensitivity and specificity in the identification of participants with poor mobility (Table 4) . Then, using logistic regression models, we estimated the odds ratio (OR) for poor mobility associated with having, respectively, knee-extension torque, handgrip, lower extremity muscle power, and calf muscle area below vs. above the optimal cut point. The analysis is shown in Table 4 , for the two definitions of mobility, separately in men and women. In the unadjusted models, all four muscle tests were strongly associated with both walking slower than 0.8 m/s and inability to walk 1 km. The association was always statistically significant, except for calf muscle area predicting women unable to walk 1 km. After adjusting for age, the OR values became substantially smaller, but those for knee-extension torque, handgrip, and lower extremity muscle power remained statistically significant. In contrast, calf muscle area remained a significant predictor of walking slower than 0.8 m/s only in men and was no longer associated with the ability to walk 1 km in men and women. In both genders, lower extremity muscle power was the strongest predictor of walking slower than 0.8 m/s, whereas knee-extension torque was the strongest predictor of being unable to walk 1 km. However, when the OR values for knee-extension torque, handgrip, and lower extremity muscle power were formally compared, they were not statistically different, and, in fact, the 95% confidence intervals were largely superimposed. Finally, OR values for calf muscle area were statistically smaller than those calculated for the other three muscle parameters, except for the prediction of men walking slower than 0.8 m/s.
To test the hypothesis that calf muscle area is associated with functional outcomes, independent of age and measures of strength (or power), we added muscle cross-sectional area as a covariate in the models shown in Table 4 . Interestingly, muscle cross-sectional area was a significant predictor of walking at a speed Ͼ0.8 m/s, independent of knee-extension torque, handgrip, and muscle power, in men but not in women. Neither in men nor women was muscle cross-sectional area an independent predictor of the self-reported ability to walk for 1 km (data not shown).
DISCUSSION
Confirming previous reports, this study demonstrates that isometric muscle strength and muscle power decline considerably with aging. Furthermore, we showed that, independent of age and in both genders, low muscle strength and power are strongly associated with two complementary definitions of poor mobility. On the contrary, calf muscle cross-sectional area, an indicator of muscle mass, shows only a moderate decline with aging, and a small calf muscle crosssectional area is a weak and inconsistent predictor of mobility limitations.
Similar to other authors (3), we found that the percent per year drop in muscle power is substantially larger than the per year drop in isometric strength. Based on this observation, the same authors recommended that muscle power be the method of choice for the early detection of patients with sarcopenia. Indeed, in our study population, the estimated prevalence of sarcopenia based on "low muscle power T-score" was much higher than the prevalence estimated by using definitions based on isometric strength and calf muscle Fig. 3 . Age-related differences in walking ability. A: percentage of men and women who reported being unable to walk 1 km without stopping and without developing symptoms, according to age groups. B: relationship between age and measured walking speed (over a 4-m course) in men and women in the form of scatter plots, with the relationship summarized by using smoothing splines.
cross-sectional area. However, many persons with a low muscle power T-score showed no evidence of mobility limitations. In fact, in a ROC analysis, kneeextension torque, handgrip, and lower extremity muscle power showed similar good discriminating value in the identification of poor mobility, defined either as walking speed Ͻ0.8 m/s or inability to walk 1 km without difficulty. Based on these findings, we suggest that the handgrip should be the measure of choice used for the screening of sarcopenia in clinical geriatric practice.
Aging and muscles. Despite extensive research efforts, the mechanism responsible for the age-associated decline in muscle mass and strength has not been completely elucidated. An age-associated decline in muscle mass certainly plays an important role (5) . Recent studies suggest that changes in the amount and type of skeletal muscle proteins occur as well, caused by a number of multiple mechanisms (1, 15, 35) , and may explain the age-associated reduction of muscle strength per unit muscle mass described by some authors (15) . Interestingly, resistance exercise training enhances muscle protein synthesis and improves muscle protein quality and, therefore, may counteract the progression of age-associated sarcopenia (36, 37) .
Muscles and physical function. The relationship between muscle function and physical disability has been previously examined by Ploutz-Snyder et al. (26) , who searched for functionally relevant thresholds in the ratio of isometric leg extension peak torque to body weight [strength/weight (STR/WT)] that best discriminated the ability to perform three functional ambulatory tasks (26) . They found that individuals with a STR/WT Ͻ3.0 N ⅐ m ⅐ kg Ϫ1 were at a substantial higher risk for impaired function in chair rise, gait speed, and stair ascent and descent. In our study, the best threshold in STR/WT that discriminated the ability to walk at a speed Ͼ0.8 m/s was 4.7. The difference between the two studies is likely to be attributable to differences in the functional outcomes. In fact, the ability to walk faster than 0.8 m/s pertains to the higher portion of the functional spectrum, and a STR/WT of 4.5 is very similar to 4.2-4.5 identified by Ploutz-Snyder et al. (26) as the best threshold for "optimal functioning."
Although several authors have used a definition of sarcopenia based on muscle mass (5, 21, 22) , our findings suggest that measures of muscle mass should be complemented with measures of strength. This is consistent with recent data demonstrating that muscle strength, but not muscle mass, is independently associated with lower extremity performance (34) . In addition, this is in accordance with research suggesting that the mechanical force produced per volumetric unit of muscle tissue declines with aging in humans (32) and with preclinical data, which demonstrate that the tension developed by a single-muscle fiber depends on the age of the experimental animal (7). Our findings concerning the age effect on calf muscle cross-sectional area (used as a proxy measure of muscle mass) and muscle strength are highly consistent with those obtained by using other measures of body composition. Janssen et al. (20) showed that the slopes of the regression lines between age and dual-energy X-ray absorptiometry-derived skeletal muscle mass were significantly greater in men than in women, suggesting that the age-associated decline in skeletal muscle is steeper in men than in women. The odds ratios (OR) and age-adjusted OR for walking slower than 0.8 m/s and being unable to walk without difficulty for 1 km were estimated for each muscular parameter by comparing participants below and above optimal cutoff values. * Optimal cutoff values were identified in the receiver operator characteristic curve as the value yielding the highest sensitivity and specificity. † Risk of walking slower than 0.8 m/s was associated with having the specific muscle parameter below compared with above the optimal cutoff value. ‡ Risk of being unable to walk without difficulty for 1 km was associated with having the specific muscle parameter below compared with above the optimal cutoff value.
This finding is explained only in part by a larger absolute decline in men who have a greater amount of muscles at baseline. In fact, the percent differences in calf muscle cross-sectional area between subsequent age groups were similar in men and women aged Ͻ65 yr. However, 75-to 84-yr-old men and women in the study had, respectively, 10.2 and 4.9% lower muscle area compared with participants of the same gender who were 65-74 yr old. Analogously, the percent differences in calf muscle area comparing 85ϩ-yr-old vs. 75-to 84-yr-old participants were 11.2% in men and 2.7% in women.
In our study, measures of isometric strength obtained from both the upper and lower extremities were similar in their relationship with poor mobility, which specifically explores lower extremity function. This finding suggests that sarcopenia is a condition generalized to the whole body, further supporting the appropriateness of using the handgrip for screening purposes. An extensive literature review showed that handgrip strength is cross-sectionally associated with disability and predicts future disability as long as 25 yr before the development of the disability outcome (14, 28, 29) . However, no previous study has attempted to identify the diagnostic threshold in handgrip strength that best discriminates subjects with mobility limitations. Our findings suggest that a good approximation to be used in clinical practice is 30 kg in men and 20 kg in women. Providing support for our findings, both for men and women, the optimal discriminating thresholds identified for two very different functional outcomes (walking at a speed Ͻ0.8 m/s and self-reported inability to walk for 1 km) were quite similar. Use of the handgrip strength for screening purposes is appealing because testing handgrip strength is easy, rapid, and relatively inexpensive. However, some potential problems intrinsic to this method should be considered. Handgrip is probably appropriate to monitor the effectiveness of systemic treatments, both pharmacological and nonpharmacological, aimed at improving muscle strength. However, exercise interventions may have a differential impact on different muscle groups and should be monitored with appropriate regional measures. Furthermore, in patients affected by rheumatoid arthritis, hand osteoarthritis, or carpal tunnel syndrome, grip strength may not be strongly correlated with global muscle function. Because these conditions are relatively highly prevalent and sometimes difficult to detect in older persons, the results of handgrip tests should be interpreted with caution in older persons.
Study limitations. Some limitations of this study should be pointed out. Both the self-reported and the performance-based measures of mobility limitation used in our study are probably sensitive enough to identify persons who experience even a mild reduction of mobility. We selected these measures in our analysis because one major reason for screening for "poor muscles" is to identify persons who just entered the early stage of the disablement process, those in whom interventions are most likely to be effective. However, our findings may not apply for measures that capture more advanced stages of disability, such as measures of mobility that directly reflect ability in the basic daily activities (i.e., ability to climb stairs or to rise from a chair). This is probably the reason that explains the difference between our findings and those reported by Ploutz-Snyder et al. (26) .
In our study, we measured muscle strength by a hand-held isometric dynamometry. Although a preliminary pilot study demonstrated that our method provided reliable measures over a wide range of strength, other methods of assessing strength, such as isokinetic dynamometry, allow more precise and reliable assessments. However, these methods are unlikely to be applied in large epidemiological studies, especially in frail, older participants who are unable to come to the study clinic and should be evaluated in their homes.
In our study, we used a pQCT to assess calf-muscle area as an indicator of muscle mass. Because of the small dimensions of our equipment, we could not measure larger muscle masses. Furthermore, to minimize the amount of radiation administered to the participants, we performed a single-slice scan. Because of these limitations, our findings on muscle mass should be considered with caution, and we cannot exclude the hypothesis that, using multislice computed tomography measures of large muscle groups or whole body measure of lean body mass, we may have obtained different findings. However, supporting our results, previous reports have shown that high body fatness, as estimated by total-body dual-energy X-ray absorptiometry scans, but not low fat-free mass, predicts disability in older men and women (33) .
Finally, the results shown in this paper were obtained from a cross-sectional survey. A gold-standard definition of sarcopenia that could be recommended for diagnosis in routine clinical practice would require the demonstration of its predictive value on subsequent adverse outcomes. This further validation requires the analysis of prospective data that are not available at this stage for the InCHIANTI study.
Conclusions. Despite the limitations, our findings indicate that a standard quantitative diagnosis of sarcopenia may be an extremely useful component in the assessment of middle-aged and older patients. Because the screening of sarcopenia can be performed by using handgrip, this simple, rapid, and inexpensive method should be introduced in the routine clinical assessment of geriatric patients.
